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Shear has been observed to be often the governing failure mode of RC cantilever deck slabs of bridges
without shear reinforcement subjected to concentrated loads when tested under a quasi-static applica-
tion of the load. However, concentrated loads of heavy vehicles have a repetitive nature, causing loss
of stiffness and potential strength reductions due to fatigue phenomena.
In this paper, the fatigue behavior of cantilever bridge deck slabs is investigated. A speciﬁc experimen-
tal programme consisting on eleven tests under concentrated fatigue loads and four static tests (reference
specimens) is presented. The results show that cantilever bridge deck slabs are signiﬁcantly less sensitive
to shear-fatigue failures than beams without shear reinforcement. Some slabs failed due to rebar frac-
tures. They presented signiﬁcant remaining life after ﬁrst rebar failure occurred and eventually failed
due to shear. The test results are ﬁnally compared to the shear-fatigue provisions of the ﬁb-Model Code
2010 and the Critical Shear Crack Theory to discuss their suitability.
 2015 Elsevier Ltd. All rights reserved.1. Introduction compression zone to an extent such that it can no longer resistDesign of reinforced concrete cantilever bridge deck slabs with-
out shear reinforcement is generally governed by the action of con-
centrated loads of heavy vehicles (Fig. 1), which may cause shear,
punching shear or ﬂexural failures. Amongst these potential failure
modes, shear is the most common governing failure mode under
quasi-static application of concentrated loads [1–4]. The concen-
trated loads resulting from heavy vehicles have a repetitive nature
and may cause potential stiffness and strength reductions due to
fatigue effects [5]. Fatigue failure modes are the same as the static
ones and can be due to rebar fracture and/or failure of concrete.
Investigation of fatigue behavior in shear has mainly focused in
the past on three and four-point bending tests on reinforced con-
crete beams without shear reinforcement (Fig. 2a). An extensive
summary on this topic can be found in Ref. [6]. Beams can fail in
bending or shear in both static and fatigue tests (bending failures
being associated to rebar fracture or concrete crushing). Shear-fa-
tigue failures were ﬁrst studied by Chang and Kesler [7,8]. They
observed two potential failure modes: diagonal-cracking failures
(where failure takes place by development of a diagonal shear
crack) and the shear-compression failures (where failure takes place
when the propagation of the shear crack reduces the depth of thethe acting compressive forces).
However, it should be noted that the results obtained for beams
and one-way slabs are not directly applicable to cantilever slabs
subjected to concentrated loads. This is justiﬁed as beams do not
exhibit a two-way action and consequently cannot redistribute
their internal forces due to bending and shear cracking [4]. More-
over, the ratio between the maximum acting momentmmax and the
maximum acting shear force vmax in cantilever slabs at the support
is lower than for cantilever beams with the same shear span [2].
With respect to fatigue testing of reinforced concrete slabs
without shear reinforcement under concentrated loads, previous
research has mainly focused on simply supported or inner slabs
[9–19] supported on two or four edges, refer to Fig. 2b and c.
Table 1 presents some geometric properties of available
experimental evidence. With respect to typical deck slabs of con-
crete bridges, it can be observed that several specimens have
relatively low thicknesses (< 100 mm) and others have low rein-
forcement ratios q (6 0:2%, including specimens even with no ﬂex-
ural reinforcement) or fairly large ones (> 1:5%).
To the author’s knowledge no tests are available on cantilever
deck slabs (Fig. 2d), whose mechanical behavior may signiﬁcantly
differ from simply supported slabs [4]. In order to provide such
experimental evidence, an experimental programme has been per-
formed at the Ecole Polytechnique Fédérale de Lausanne (Switzer-
land). The specimens are full-scale slabs (3.00 m  3.00 m  0.2
5 m) with a central line support and subjected to a single
Notation
b load reduction factor
d vertical displacement
e strain
emax maximum strain
emin minimum strain
q reinforcement ratio
/rebar reinforcement bar diameter
Ec Young’s modulus of concrete
F applied force
Fmax maximum applied force
Fmin minimum applied force
FRef quasi-static strength
LL level of load
N endurance
R fatigue loading ratio
Rl linear reaction force
S stress level
VCSCT quasi-static shear strength according to the CSCT
Vmax maximum applied shear force
Vtotmax maximum applied total shear force
VMC2010 quasi-static shear strength according to the ﬁb-Model
Code 2010
VRef quasi-static shear strength
Vtot total shear force
a shear span (distance between the center of the support
and the center of the loading plate)
av free shear span (distance between the edge of the sup-
port and the edge of the loading plate)
b subscript indice representing ‘‘bottom’’
d effective ﬂexural depth
dg maximum aggregate size
f c compressive strength of concrete measured in cylinders
f c;Ref compressive strength of concrete in reference tests
f c;fat compressive strength of concrete measured in fatigue
tests
f u ultimate stress of steel
f y yield stress of steel
mmax maximum acting unitary bending moment
t subscript indice representing ‘‘top’’
x x-axis and coordinate
wcr crack opening
wcr;max maximum crack opening
wcr;min minimum crack opening
vmax maximum acting unitary shear force
y y-axis and coordinate
Fig. 1. Cantilever bridge deck slab subjected to concentrated loads.
Fig. 2. Structural reinforced concrete members failing in fatigue shear loading: (a) simply
and (d) cantilever slab.
192 F. Natário et al. / Engineering Structures 89 (2015) 191–203concentrated loadonboth sides of the support. Four static testswere
performed on two slabs (two tests per slab and load location) and
eleven fatigue tests on eight slabs (four slabs per load location).
Other topics as the inﬂuence of moving loads [14,15,19] or the
inﬂuence of impact loading on shear strength [20] are not investi-
gated within this paper.2. Test campaign
2.1. Test specimens
Ten slabs (FN1-FN10) were tested. The slabs had the dimen-
sions of 3.00 m  3.00 m  0.25 m and contained only ﬂexural
reinforcement.supported beam; (b) slab supported on two edges; (c) slab supported on four edges;
F. Natário et al. / Engineering Structures 89 (2015) 191–203 193The geometry and reinforcement layout were the same for all
slabs. The bending top reinforcement in the x-transverse direction
(perpendicular to the support) consisted of 20 mm diameter bars
spaced 150 mm with a nominal effective depth dxt ¼ 210 mm
(nominal reinforcement ratio qxt ¼ 1:00%), and the bottom one
16 mm diameter bars spaced 150 mm with a nominal effective
depth dxb ¼ 212 mm (qxb ¼ 0:63%). In the longitudinal direction,
the top reinforcement consisted of 12 mm diameter bars spaced
150 mm (dyt ¼ 194 mm, qyt ¼ 0:39%) and the bottom one 10 mm
diameter bars spaced 150 mm (dyb ¼ 199 mm, qyb ¼ 0:26%), refer
to Fig. 3.Table 1
Properties of slabs tested under concentrated fatigue loads.
Tests q½% Thickness [mm]
Sawko and Saha [9] – 38
Sawko and Saha [9] 1.7 76
Hawkins [10] 1.3 127
Batchelor et al. [11] 0.0–0.2–0.4–0.6 22-18-12
Okada et al. [12] 1.1–1.3 170-180
Sonoda and Horikawa [13] 1.3 60
Perdikaris and Beim [14] 0.0–0.3–0.7 32
Perdikaris et al. [15] 0.0–0.3–0.4–0.7 72
Youn and Chang [16] 1.0 60
Toutlemonde and Ranc [17] 1.2 180
Graddy et al. [18] 3.2 191
Hwang et al. [19] – 115
a RC – reinforced concrete; PC – prestressed concrete.
Fig. 3. Geometry and reinforcement layout
Table 2
Properties of test specimens.
Slab Side av [mm] Type of test
FN1 W 440 Static
FN1 E 440 Static
FN2 W 440 Fatigue
FN2 E 440 Fatigue
FN3 W and E 440 Fatigue
FN4 W 440 Fatigue
FN4 E 440 Fatigue
FN5 W and E 440 Fatigue
FN6 W 680 Static
FN6 E 680 Static
FN7 W and E 680 Fatigue
FN8 W 680 Fatigue
FN8 E 680 Fatigue
FN9 W and E 680 Fatigue
FN10 W and E 680 Fatigue2.2. Material properties
Normal strength concrete was used in all slabs. Table 2 presents
the compressive strength and modulus of elasticity (measured on
concrete cylinders, 320 mm high, 160 mm diameter), as well as
the age of concrete at the time of testing of the slabs. The compres-
sive strength ranged from 32.3 MPa to 46.6 MPa and the modulus
of elasticity from 28,000 MPa to 35,000 MPa. One cubic meter of
concrete had a nominal composition of 832 kg of sand, 378 kg of
gravel ranging between 4 and 8 mm, 681 kg of gravel ranging fromSupports Spans [cm] Widths [cm] Typea
Two edges 229-152-114 152 PC
Two edges 114 152 RC
Two edges 122 127 RC
Two edges 30 305 RC
Four edges 235-360 – RC
Four edges 80-250 – RC
Two edges 32 230 RC
Two edges 71 170 RC
Two edges 70 210 RC
Two edges 250 500 RC
Two edges 183 213 RC
Two edges 270 430 PC
of tested slabs (dimensions in [mm]).
Age (start–end) f c (start–end) Ec (start–end)
129 45.2 33,000
186 46.6 34,000
97–112 38.2–38.7 30,500
97 38.2 30,500
96–98 36.2 30,000
102–110 38.4–38.6 30,500
102 38.4 30,500
34–63 32.3–34.8 28,000–29,500
144 45.7 33,000
178 46.5 34,000
322 44.8 35,000
298–325 43.5–43.7 34,500
298–476 43.5–44.6 34,500–35,000
305–316 44.7 35,000
328–396 43.7–44.2 34,500–35,000
Table 3
Mechanical properties of the reinforcement.
Slab /rebar [mm] f y [MPa]
a f u [MPa] Type
FN1, FN6, FN7, FN8, FN9, FN10 20 579 680 Quenched and self-tempered
16 553 650 Quenched and self-tempered
12 520 620 Quenched and self-tempered
10 504 595 Quenched and self-tempered
FN2, FN3, FN4, FN5 20 600 700 Quenched and self-tempered
16 595 709 Quenched and self-tempered
12 523 591 Cold-worked
10 543 606 Cold-worked
a Offset yield-point at 0.2% strain for cold-worked rebar.
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Fig. 4. Measured stress–strain relationships of reinforcement bars: (a) FN1, FN6, FN7, FN8, FN9 and FN10; and (b) FN2, FN3, FN4 and FN5.
(a) (b)
(c) (d) (e)
Fig. 5. Test setup (dimensions in [mm]): (a) side view; (b) picture; (c) loading plate plan view; (d) loading plate section cut; and (e) cross-section of aluminum proﬁle.
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maximum size of the aggregate dg was 16 mm for all specimens.
Conventional reinforcing bars were used in the specimens. The
average reinforcement mechanical properties of 3 tests per dia-
meter are presented in Table 3 and the stress–strain relationships
in Fig. 4.Fig. 6. Qualitative fatigue loading history.2.3. Test setup
The test setup is shown in Fig. 5. The specimen was supported
in the middle by means of a 80 mm I-shaped aluminum proﬁle.
On each side of the web of the proﬁle, 30 strain gauges were glued
with a 100 mm spacing (refer to Fig. 5e) to record the vertical
strains of the proﬁle and consequently the reaction forces, calculat-
ed by assuming an elastic behavior of the aluminum and consider-
ing a constant strain at the contributing area of each gauge.
Reasonable agreement was found between the total measured
reaction and the total applied force, with relative errors at maxi-
mum load of less than 15% for all tests. At the interface between
the aluminum proﬁle and the tested slab there was a thin layer
of plaster of about 3 mm, in order to level the surfaces.
The loads were introduced by means of two hydraulic actuators
ﬁxed on a steel frame connected to the strong ﬂoor of the labora-
tory. The loading area was 400 mm  400 mm in-plane and load
was applied through a 10 mm thick neoprene pad. Each load was
introduced in this area by means of four 200 mm  20
0 mm  40 mm steel plates, loaded in turn by a 280 mm  2
80 mm  40 mm steel plate. Between the top and bottom plates,
steel spheres (30 mm diameter) were placed at the center of the
bottom plates (Fig. 5c and d). This device was designed in order
to distribute the load as uniformly as possible over the square con-
tact area and is consistent to the dimensions of the fatigue load
model of EN1991-2 for road bridges [21].
Two different loading locations were investigated, correspond-
ing to a clear distance from the line support (av ) of 440 mm and
680 mm (Fig. 3), corresponding to 2:1d and 3:2d respectively,
where d(¼ dxt) is the nominal effective depth of the slab.
After failure occurred on one side of the slab, that side was
strengthened using steel external proﬁles and plates bolted on
top and bottom faces, by means of prestressed bars. After strength-Table 4
Main properties of tested specimens.
Slab Side av [mm] Type Fmax [kN] Fmin [kN] R Actual LL
FN1 W 440 Static 591 – – –
FN1 E 440 Static 597 – – –
FN2 W 440 Fatigue 520 53 0.10 96
FN2 E 440 Fatigue 506 54 0.11 93
FN3 W 440 Fatigue 473 48 0.10 90
FN3 E 440 Fatigue 472 48 0.10 90
FN4 W 440 Fatigue 467 47 0.10 86
FN4 E 440 fatigue 456 49 0.11 84
FN5 W 440 Fatigue 394 36 0.09 79
FN5 E 440 fatigue 382 44 0.12 77
FN6 W 680 Static 474 – – –
FN6 E 680 Static 499 – – –
FN7 W 680 Fatigue 427 46 0.11 89
FN7 E 680 Fatigue 427 46 0.11 89
FN8 W 680 Fatigue 378 42 0.11 80
FN8 E 680 Fatigue 376 42 0.11 80
FN9 W 680 Fatigue 333 35 0.11 70
FN9 E 680 Fatigue 334 38 0.11 70
FN10 W 680 Fatigue 281 30 0.11 59
FN10 E 680 Fatigue 282 30 0.11 60
a Average value measured in the middle region of the center transversal saw-cut.
b Average value measured in the region under the loading plates in the center transvening, the test was continued leading to a second failure on the
other side.
2.4. Test procedure
Two slabs were tested quasi-statically in order to obtain the ref-
erence static strengths (FRef ) for each location of the load. Each slab
provided two reference tests (duplicated values).
The fatigue loading was done in a combined force–displace-
ment control mode. The forces of the two actuators were con-
trolled taking advantage partially of the symmetry conditions of
the test. The average force of both jacks was kept constant and
both forces corrected to keep the relative displacement between
them lower than 10 mm. Differences between maximum applied
forces on both sides were lower than 1% for ﬁve tested slabs
(FN3 and FN7–FN10), between 2–3% for two other slabs (FN2
and FN4), and 3.1% for the remaining one (FN5).
The target ratio R between the minimum (Fmin) and the maxi-
mum (Fmax) applied forces was 0.10, and the actual values varied
between 0.09 and 0.12, refer to Table 4. These values are reason-
able as in actual bridge deck slabs the ratio R of the trafﬁc load is
0.0, yet dead load is also acting. A qualitative representation of
the fatigue loading history is given in Fig. 6.
For each load location four different levels (LL) of maximum
applied load were used. The maximum applied load was corrected
in order to account for small differences of concrete compressive
strength between fatigue and reference tests as follows:[%] Cycles N Measured
dxt[mm]a
Measured
dyb [mm]
b
Failure mode
1 203 201 Shear
1 203 201 Shear
1350 212 209 Shear
990 212 209 Shear
72,340 214 203 Shear
72,340 214 203 Shear
17,300 208 209 Shear
15,560 208 209 Shear
501,810 210 209 Rebar fracture
501,810 210 209 Rebar fracture followed by shear
1 190 201 Shear
1 190 201 Shear
824 197 201 Shear
824 197 201 Shear
5007 210 201 Shear
5193 210 201 Shear
311,200 200 201 Rebar fracture
311,200 200 201 Rebar fracture followed by shear
734,760 199 199 Rebar fracture followed by shear
734,760 199 199 Rebar fracture followed by shear
ersal saw-cut.
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Fig. 7. Reference static tests: (a) central saw-cut and load deﬂection-curves at the center of the loading plates of slab FN1 (av ¼ 440 mm); (b) top and bottom crack patterns of
slab FN1; (c) central saw-cut and load deﬂection-curves at the center of the loading plates of slab FN6 (av ¼ 680 mm); (d) top and bottom crack patterns of slab FN6; (e)
measured linear reaction evolution in the ﬁrst test of slab FN1; (f) measured linear reaction evolution in the ﬁrst test of slab FN6; (g) normalized measured linear reaction
evolution in the ﬁrst test of slab FN1; and (h) normalized measured linear reaction evolution in the ﬁrst test of slab FN6.
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f c
f c;Ref
s
ð1Þ
where FRef is the average static strength of the two reference tests,
f c is the concrete compressive strength at the day when testing
started and f c;Ref is the average concrete strength of the two refer-
ence tests. For the free shear span av ¼ 680 mm, the target loading
levels LL were 60%, 70%, 80% and 90%, and for av ¼ 440 mm 80%,
85%, 90% and 95%.
The fatigue loading was applied with a loading frequency of
1 Hz and for some specimens with 0.75 Hz and 0.5 Hz close to fail-
ure (FN9 and FN10, due to the required hydraulic debit of the
actuators (related to the large displacements experienced by the
slabs)).2.5. Measurements
Continuous measurements were performed during the fatigue
tests, namely the applied forces and the displacements measured
by the actuators, thickness variation (up to ﬁfteen points around( (
((
Fig. 8. Thickness variation in slab FN6 (av ¼ 680 mm) side E: (a) measuring p
(
Fig. 9. Whöler diagrams of tested slabs:each loading plate), the strains of selected rebars at some locations
using strain gauges, and crack openings (up to ten locations) after
the ﬁrst loading cycle. In addition, measurements were taken in
quasi-static tests at selected loading cycles (refer to Fig. 6), namely
the aluminum proﬁle strains (distribution of reaction forces) and
the vertical displacements (up to fourteen points).
3. Test results
3.1. Static reference tests
The quasi-statically tested slabs (reference specimens) failed in
shear, in a similar manner as the tests reported in [4]. Table 4 pre-
sents the maximum loads for all static tests. For both loading loca-
tions, once the maximum load was attained, the slabs presented a
softening behavior, with a signiﬁcant decrease of the applied load
for increasing displacements (refer to Fig. 7a and c).
The crack pattern on the top surfaces developed parallel to the
linear support in the central region, while on the bottom surface,
cracking was mostly perpendicular to the support line and concen-
trated near the loading area, refer to Fig. 7b and d. The observedoints; and (b–d) interpolated surfaces of thickness increases (in [mm]).
(
(a) av ¼ 440 mm; (b) av ¼ 680 mm.
198 F. Natário et al. / Engineering Structures 89 (2015) 191–203failure crack in the central section of the saw-cuts (refer to Fig. 7a
and c) was similar to shear cracking of beams (one-way slab strips)
without shear reinforcement. For the largest shear span, the shear
crack developed almost horizontally in the compression zone (sof-
ﬁt of the slab) near the edge of the support. In this case, the shear
crack intercepted the top transverse reinforcement with a steep
angle and at a distance approximately equal to d from the edge
of the loading plate. The concrete cover spalled in this region due
to dowel action of the main reinforcement. For the shorter shear
span, the shear crack was steeper and straighter on average, also
intercepting the upper main reinforcement at a distance
approximately equal to d from the edge of the loading plate. The
critical shear crack of both slabs seems to develop from a ﬂexural
crack at a certain distance from the loading plate (and not from
the tip of the loading plate). Additionally it exhibits a horizontal
branch close to the load due to dowel action, allowing to classify
these failures as typical shear failures and not as punching failures
around the load.
The reaction along the support line could be estimated (refer to
Fig. 7e–h) based on the strain at each of the thirty locations of
strain gauges of the I-shaped aluminum proﬁle. As previously
observed in a similar experimental series [4], close to failure the
reaction in the central region increases at a lower rate or even
decreases transferring the load to the adjacent regions. The level
of load at which this phenomenon is observed is consistent with
those observed for the development of the inclined shear crack,
whose vertical opening is related with the increase of thicknessFig. 10. Crack patterns: tof the slabs recorded during the tests, refer to Fig. 8 for a represen-
tative case. The ﬁgure also shows that the reaction tends to con-
centrate in the middle part of the support line as the applied
force at the concentrated load increases (associated to the uplift
of the extremities).3.2. Fatigue tests
All slabs except FN5 (av ¼ 440 mm; target LL ¼ 80%), FN9
(av ¼ 680 mm; target LL ¼ 70%) and FN10 (av ¼ 680 mm; target
LL ¼ 60%) failed in shear-fatigue without rebar fractures. Table 4
presents the main results of the test campaign. Fig. 9 depicts the
Wöhler diagrams for each loading position normalized by the aver-
age failure loads of the static reference tests. The ratio between the
maximum applied loads (fatigue strength) and the static shear
strengths are normalized with the square-root of the concrete
compressive strength (
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f c;Ref =f c;fat
q
).
The slabs that failed in shear-fatigue presented similar crack
patterns as the static reference specimens (refer to Figs. 10 and
11). The slabs which exhibited rebar fractures eventually failed in
shear as well (except FN9-W), due to excessive ﬂexural crack open-
ings that propagated into critical shear cracks. This failure mode is
similar to the shear failure observed after yielding of longitudinal
reinforcement described in [22]. Tests with a free shear span
av ¼ 680 mm that failed with rebar fractures presented eight
transversal 20 mm rebar fractures located at the top surface inop and bottom faces.
Fig. 11. Crack patterns: central saw-cuts.
Fig. 13. Failed rebars due to fatigue.
F. Natário et al. / Engineering Structures 89 (2015) 191–203 199the center line, as well as some 10 mm longitudinal rebar fractures
on the bottom surface, developing a full ﬂexural mechanism, refer
to Fig. 12. The 10 mm bars are located at the transversal section
that passes through the middle of the loading plates, between
the load and the free edge.
The test with free shear span av ¼ 440 mm which presented
rebar fractures is somewhat different from previous cases. Three
20 mm rebars failed between the center line and one loading plate,
at the intersection between the critical shear crack that developedFig. 12. Crack patterns and lofrom a ﬂexural crack and the main ﬂexural reinforcement, not
developing a ﬂexural mechanism. Dowel action might have gener-
ated additional stresses in the rebars due to local bending. This
might have potentially contributed to an increase of the fatigue
damage in these bars.
All bars failing under fatigue cycles were extracted from the
tested specimens after failure to conﬁrm fatigue failures, refer to
Fig. 13.
Determining the cycle when the ﬁrst 20 mm rebar failure took
place was performed through cross-interpretation of the strain
evolution measured in strain gauges placed at the center of some
selected 20 mm rebars and the evolution of crack openings
(devices to track crack opening evolution were placed at selected
cracks after the ﬁrst loading cycle), refer to Fig. 14 for two repre-
sentative cases. When a top transversal 20 mm diameter rebar
failed, the measured strain in the failed rebar diminished abruptly
and the strain measurement in adjacent bars increased noticeably.
This phenomenon could also be tracked by devices which mea-
sured crack openings in the vicinity of the failed bar, as a rebar fail-
ure contributes to larger crack openings. The determination of the
cycle when the 10 mm bars failed was not possible. All slabs that
failed due to rebar fractures presented a remaining life after the
ﬁrst 20 mm rebar fracture occurred. The slabs FN9 and FN10
(av ¼ 680 mm) that developed a full ﬂexural mechanism exhibitedcation of rebar fractures.
F
[k
N
]
1E0
1E1
1E2
1E3
1E4
1E5
2E5
283E3
292E3
3E5
0 2 4 6 8 10 12 14
0
100
200
300
400
δ [mm]
Fig. 15. Load–deﬂection evolution measured at the center of the loading plate of
tested slab FN9-E (av ¼ 680 mm).
200 F. Natário et al. / Engineering Structures 89 (2015) 191–203a signiﬁcant one, 24.5% and 46.9% of the total endurance in this
regime respectively, while FN5 (av ¼ 440 mm) whose bars failed
due to dowel action only had an additional 8.3% of the endurance
in this state. It is relevant to note that the number of cycles until
the ﬁrst 20 mm rebar fracture for FN5 was approximately twice
the number of FN9.
The fatigue loading led to progressive stiffness reductions for all
tests. This phenomenon could be observed in the load–deﬂection
evolution curves, refer to Fig. 15 for a representative case.
The linear reaction also varied with the fatigue loading. Close to
failure, for both test types failing with or without rebar fractures,
load transfer from the central region to the adjacent ones was
observed, refer to Fig. 16 for a representative case. This is consis-
tent with the observed results for quasi-static (reference) speci-
mens near failure and conﬁrms the capacity of these members to
redistribute internal forces near failure.Fig. 14. Minimum and maximum measured strain evolution in the main transversa
approximately 3.5 mm): (a) FN5 (av ¼ 440 mm); and (b) FN9 (av ¼ 680 mm).4. Analysis of the test results
In the following, the results of the tests will be compared with
the ﬁb-Model Code 2010 [23] shear-fatigue provisions that dependl reinforcement and crack opening evolutions (maximum measurable value of
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Fig. 16. Line reaction evolution of tested slab FN9 (av ¼ 680 mm).
F. Natário et al. / Engineering Structures 89 (2015) 191–203 201on the static shear strength. To that aim, the static shear strength
will be calculated based on the ﬁb-Model Code 2010 as well as
using the Critical Shear Crack Theory (CSCT), as they are both based
on mechanical models and allow a physical understanding of the
observed phenomena [4].
First, a number of test results on statically determinate beams
will be presented in order to understand the shear-fatigue behav-
ior without any potential redistribution of internal forces. Such
comparison with Eurocode 2 [24] approach can be found in [6].
Then, the results on cantilever slabs (with the potential to redis-
tribute internal forces) will be compared.
4.1. ﬁb-Model Code 2010 shear-fatigue provisions
The ﬁb-Model Code 2010 proposes for reinforced concrete
members without shear reinforcement the following S—N relation-
ship between the endurance N, the maximum applied force Vmax
and the static shear strength VRef (refer to [4]):
logN ¼ 10ð1 Vmax=VRef Þ ð2Þ4.2. Fatigue tests on beams without shear reinforcement
Fig. 17 presents the comparison between the shear-fatigue pro-
visions of the ﬁb-Model Code 2010 and tests on beams without
shear reinforcement that failed in shear-fatigue without rebarVmax
VRef
= 1− logN10
AVG = 1.38
COV = 0.15
0.5 threshold
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Fig. 17. Comparison between the ﬁb-Model Code 2010 shear-fatigue provisions and the
fatigue without rebar fractures (database of Gallego et al. [6]), with the static shear strefracture [7,8,25–33]. The used database was created by Gallego
et al. [6]. The reference static shear strength was calculated both
with the ﬁb-Model Code 2010 and the CSCT. Only tests with a dis-
tance between the centers of the support and of the load larger
than three times the effective ﬂexural depth are presented to avoid
any potential arching action. These criteria lead to a reduction from
100 to 87 tests for the comparison with the ﬁb-Model Code 2010
published by Gallego et al. [6].
Shear-fatigue failures on beams without shear reinforcement
only seem to occur at maximum applied loads larger than
approximately 50% of the static shear strength calculated accord-
ing to both models. This is consistent with the threshold value
proposed in EC-2 (R ¼ 0) [24]. The shear-fatigue provision of the
ﬁb-Model Code 2010 is shown to be on the safe side when com-
bined with the ﬁb-Model Code 2010 static shear strength. The
accuracy of the predictions is improved when the CSCT is used to
estimate the quasi-static shear strength (VRef ). This reduces the
average (from 1.53 to 1.25) of the measured-to-predicted strength,
yet keeping a constant value the Coefﬁcient of Variation (0.23).
The linear law for shear-fatigue of the ﬁb-Model Code 2010 (at
logarithmic scale) seems to provide too safe estimates for an
applied number of cycles larger than 100,000. From that number
of cycles on, assuming a fatigue threshold of about 0.5 (as EC-2
for R ¼ 0 [24]) seems more suitable, yielding an average of 1.38
(Coefﬁcient of Variation of 0.15) for the ﬁb-Model Code 2010 and
1.13 (Coefﬁcient of Variation of 0.14) for the CSCT.
4.3. Static shear strength of beams and cantilever slabs
The shear strength of reinforced concrete beams without shear
reinforcement according to the ﬁb-Model Code 2010 is based on
the Simpliﬁed Modiﬁed Compression Field Theory [34]. For can-
tilever slabs under concentrated loads, the control section is locat-
ed at d 6 av=2 from the support and the shear force at that section
is calculated by dividing the applied load by an effective width fol-
lowing a geometric rule [23]. Arching action is taken into account
assuming that the contribution of point loads applied within a dis-
tance of d 6 av 6 2d from the face of the support to the design
shear force may be reduced by the factorChang & Kesler (1958a-b)
Higai (1978)
Taylor (1959)
Stelson & Cernica (1958)
Ueda (1982)
Zanuy (2008)
Rombach & Kohl (2012)
Farghaly (1979)
)3891(nnamilru¨hT&yerF
Markworth, Mildner & Streiber (1984)
1E8
1E8
Wöhler diagram of tests on beams without shear reinforcement that failed in shear-
ngth calculated with: (a) MC2010; and (b) CSCT.
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Fig. 18. Comparison between the ﬁb-Model Code 2010 shear-fatigue provision (static shear strength calculated with the MC2010 and the CSCT) and the tested specimens: (a)
MC2010, av ¼ 40 mm; (b) MC2010, av ¼ 680 mm; (c) CSCT, av ¼ 440 mm; and (d) CSCT, av ¼ 680 mm.
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The CSCT for reinforced concrete beams without shear reinforce-
ment is thoroughly presented in [35]. The application of this theory
to cantilever slabs subjected to concentrated loads is presented in
detail in [4]. The acting shear force at the control section located
at d=2 from the support is calculated on the basis of a linear elastic
analysis and is averaged over a distance equal to 4d to take into
account shear redistributions due to both bending and shear crack-
ing [4]. Similarly to what has been reported for cantilevers subject-
ed to distributed load [36], also arching action is considered for
loads closer than 2:75d from the linear support:
b ¼ av=2:75d 6 1 ð4Þ
More details on how to apply these two approaches for can-
tilever slabs can be found in [4].4.4. Tested cantilevers slabs
Fig. 18 presents the comparison between the shear-fatigue pro-
visions of the ﬁb-Model Code 2010 and the tested specimens, with
the static shear strengths calculated with both the ﬁb-Model Code
2010 and the CSCT according to [4]. The shear strength is underes-
timated by both approaches even in the quasi-static tests. This
probably refers to the fact that the potential redistributions of
shear forces (two-way action of the slabs) are estimated in an
excessively conservative manner by the proposed effective dis-
tances where the shear force is averaged in both approaches. As
the number of cycles increases, the safety margin seems to remain
approximately constant (same slope for predictions and tests),
indicating the pertinence of the shear-fatigue prediction and the
presence of internal forces redistribution also for fatigue speci-
mens. In addition, the test results seem to conﬁrm that the ﬁb-
Model Code 2010 provides excessively safe estimates of the shear
strength for loads acting close to the support (av=d < 3). This result
is consistent with previous experimental investigations [4]. It can
be noted that the values of maximum applied load were relativelyhigh (60% or more of the static shear strength) and thus no fatigue
threshold was observed.
5. Conclusions
This paper presents the results of an experimental programme
on the fatigue behavior of reinforced concrete cantilever slabs sub-
jected to concentrated loads near linear supports. The results are
investigated and ﬁnally compared to the strength predictions of
the ﬁb-Model Code 2010 and the Critical Shear Crack Theory
(CSCT). The main conclusions of this paper are:
 Fatigue loading of cantilever slabs with two-way action exhibits
a similar inﬂuence on the shear strength as in beams (one-way
slabs) without transverse reinforcement, decreasing the shear
strength with increasing number of cycles.
 Redistribution of internal forces has been measured (by means
of the reactions of the tested specimens) for cantilever slabs
failing both under quasi-static and fatigue loading.
 The redistribution of forces enhances the shear strength of can-
tilever slabs with respect to equivalent beams in shear.
 Design models as the ﬁb-Model Code 2010 or the CSCT seem to
estimate in a safe manner the amount of internal force redistri-
bution that potentially may develop, leading to conservative
estimates of the actual shear strength.
 The ﬁb-Model Code 2010 provides excessively safe estimates of
the shear strength for loads acting close to support lines. This
observation is consistent both for quasi-static and fatigue load-
ing and indicates potentially an underestimate of the actual
arching action.
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